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In Brief
Chronic pain emerges from altered brain
function. Santello and Nevian found that
in a neuropathic pain model, cortical
neurons display enhanced dendritic
integration resulting from downregulation
of HCN channels. Activation of
serotoninergic receptors alleviates pain
by reversing this dendritic dysfunction.
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Neuropathic pain is caused by long-term modifica-
tions of neuronal function in the peripheral nervous
system, the spinal cord, and supraspinal areas.
Although functional changes in the forebrain are
thought to contribute to the development of persis-
tent pain, their significance and precise subcellular
nature remain unexplored. Using somatic and den-
dritic whole-cell patch-clamp recordings from neu-
rons in the anterior cingulate cortex, we discovered
that sciatic nerve injury caused an activity-de-
pendent dysfunction of hyperpolarization-activated
cyclic nucleotide-regulated (HCN) channels in the
dendrites of layer 5 pyramidal neurons resulting in
enhanced integration of excitatory postsynaptic in-
puts and increased neuronal firing. Specific activa-
tion of the serotonin receptor type 7 (5-HT7R) allevi-
ated the lesion-induced pathology by increasing
HCN channel function, restoring normal dendritic
integration, and reducing mechanical pain hypersen-
sitivity in nerve-injured animals in vivo. Thus, seroto-
ninergic neuromodulation at the forebrain level can
reverse the dendritic dysfunction induced by neuro-
pathic pain and may represent a potential therapeut-
ical target.
INTRODUCTION
Long-lasting and irreversible sensitization of the pain pathway is
believed to be a key mechanism for the chronification of pain
(Baron, 2009; Basbaum et al., 2009; Costigan et al., 2009). This
phenomenon comprises all levels along the pain neuraxis, from
peripheral nociceptors and spinal cord to supraspinal brain
areas (Apkarian et al., 2009). There is growing evidence that
chronic pain is also associated with increased neuronal excit-
ability in the forebrain (Saab, 2012). The anterior cingulate cortex
(ACC) in this respect is of particular importance because it is
consistently activated during nociception and in chronic pain
states (Shackman et al., 2011; Vogt, 2005; Wager et al., 2013).
Indeed, cortical brain areas, and ACC in particular, are essentialfor the conscious experience of pain (Lee and Tracey, 2013; Perl,
2007; Treede et al., 1999). Interfering with activity in this brain
area can influence mechanical hyperalgesia (Eto et al., 2011; Li
et al., 2010) and the affective-emotional component of chronic
pain (Johansen et al., 2001; King et al., 2009; Qu et al., 2011).
In human patients, it has recently been demonstrated that func-
tional changes inmedial prefrontal cortex and ACC are critical for
the transition from acute to chronic pain (Baliki et al., 2012).
Therefore, it is of high clinical relevance to understand the plastic
changes occurring on the cellular level in ACC that might con-
tribute to the chronification of pain.
The alterations in cortical neurons that have been reported af-
ter peripheral nerve injury, like long-term potentiation (LTP) of
synaptic transmission (Li et al., 2010) and increases in intrinsic
cellular excitability (Blom et al., 2014), might be caused by
primary or concomitant local changes in the ion channel compo-
sition of the dendritic arborization (Frick et al., 2004). Plasticity of
dendritic excitability is considered as an additional mode of
memory storage (Losonczy et al., 2008) and might therefore be
a potential mechanism for the formation of a painmemory (Sand-
ku¨hler, 2009). Dendritic modifications in ion channel composition
might influence the input-output relation of a neuron, and they
could enhance neuronal activity in the ACC, contributing to the
persistent pain state. Thus, we sought to investigate sciatic
nerve injury-induced neuronal changes, which lead to the devel-
opment of neuropathic pain, in the main apical dendrites of
layer 5 (L5) pyramidal neurons, the principal output neurons of
the ACC.
Furthermore, dendrites are rich in receptors for neuromodula-
tors, which locally influence their electrical and integrative prop-
erties (Arnsten et al., 2012; Dembrow et al., 2010). Yet, little is
known about the effect of neuromodulation on cortical brain
areas involved in pain processing and the potential cellular
mechanisms that mediate this effect. The serotoninergic system
originating in the midbrain is activated by ascending afferent
nociceptive fibers (Basbaum et al., 2009) as well as several
brain regions (Pollak Dorocic et al., 2014; Weissbourd et al.,
2014). It can either facilitate or inhibit pain transmission in the
spinal cord (Ossipov et al., 2010; Tracey and Mantyh, 2007;
Zhao et al., 2007). Since forebrain areas are also extensively
innervated by the serotoninergic system (Porrino and Gold-
man-Rakic, 1982), we wondered if activation of 5-HT receptors
might be able to modulate neuronal properties on the dendritic
level in the ACC and may therefore represent a possible targetNeuron 86, 233–246, April 8, 2015 ª2015 Elsevier Inc. 233
Figure 1. Reduction of HCN Channel Func-
tion in the Apical Dendrites of L5 Pyramidal
Cells after Peripheral Nerve Injury
(A) CCI surgery was performed on the sciatic nerve
of the left hind paw. An electronic Von Frey
filament was used to evaluate mechanical sensi-
tization of the hind limbs as measured by the
mechanical threshold necessary to evoke paw
withdrawal. Seven days after surgery, brain slices
containing the rostral ACC were prepared for
analysis of single-cell properties.
(B) Only the paw subjected to chronic constriction
injury (CCI left), but not the contralateral or sham-
operated hind paw, showed mechanical hyper-
algesia after surgery (CCI n = 29; Sham n = 26).
Dashed line indicates the withdrawal threshold
averaged over all conditions before surgery.
(C) Reconstruction of a biocytin-labeled L5 pyra-
midal neuron illustrating the experimental setup.
Whole-cell patch-clamp recordings were per-
formed at the soma and main apical dendrite. In-
jections of positive or negative currents at the
soma evoked hyperpolarization or action poten-
tials that back-propagated into the dendrite
(inset). Notice the difference in resting membrane
potential between soma and dendrite (DV).
(D) Dual patch-clamp recording from the dendrite
and the soma of an animal subjected to
CCI showed similar electrical properties but
reduced DV.
(E) Summary of all Sham and CCI dual recordings
(left) and pooled data (right) showing distance-
dependent dendritic depolarization that was
significantly reduced in CCI versus Sham animals
for both proximal (< 150 mm) and distal (> 150 mm)
recording sites.
(F and G) Hyperpolarizing current injections into
the dendrite and soma evoked a characteristic
voltage sag indicative of the activation of the
h-current (Ih). Dendrites but not somata from CCI
neurons showed reduced sag as compared to
Sham. Vm at dendrite was 60 mV (Sham) and
64 mV (CCI). Vm at soma was 67 mV (Sham)
and 68 mV (CCI).
(H) Sag ratio as a function of the distance from the
soma for all dendritic recordings (left). Pooled data
(right) for somatic (S) and proximal and distal
recording sites indicating a significant reduction in
dendritic Ih after CCI surgery.
*p < 0.05, **p < 0.01, ***p < 0.001. Error bars: SEM.
See also Figures S1–S3.to reverse the neuronal changes that contribute to the chronic
pain state.
RESULTS
Peripheral Nerve Ligation Causes HCN Channel
Dysfunction in Cortical Dendrites
Dual whole-cell patch-clamp recordings were performed at the
soma and apical dendrite of L5 pyramidal neurons in the ACC234 Neuron 86, 233–246, April 8, 2015 ª2015 Elsevier Inc.to assess changes in dendritic and somatic properties in brain
slice preparations of mice subjected to chronic constriction
injury of the sciatic nerve (CCI), a well-established neuropathic
pain model (Bennett and Xie, 1988), and sham-operated animals
(Sham) (Figures 1A–1D). All experiments were performed on
brain slices from behaviorally tested animals. CCI caused me-
chanical hypersensitivity specifically in the injured left hindpaw,
as revealed by a reduction in the mechanical withdrawal
threshold upon pressure application to the plantar surface of
the paw by an electronic von Frey filament. We recorded from 36
Sham and 34 CCI dendrites at several distances from the soma.
Consistent with previous reports from prefrontal cortex (Kalm-
bach et al., 2013) and other cortical regions (Berger et al.,
2001), the main apical dendrite of L5 pyramidal neurons in the
ACC under control condition displayed a more depolarized
resting membrane potential (Vm) as compared to the soma,
and this phenomenon increased with the distance from the
soma (Figure 1E). Somatic Vm was not different between Sham
and CCI (Sham 68.78 ± 0.55 mV, n = 36; CCI 68.12 ± 0.49 mV,
n = 34; p = 0.36), but we observed that the difference between
somatic and dendritic Vm was less pronounced in CCI animals
both at proximal (< 150 mm) and distal (> 150 mm) recording sites
(proximal Vdend-Vsoma: Sham 4.2 ± 0.61 mV, n = 20; CCI 2 ±
0.53 mV, n = 11; p = 0.02; distal Vdend-Vsoma: Sham 5.75 ±
0.62 mV, n = 16; CCI 2.83 ± 0.43 mV, n = 23; p = 0.0001).
Because the Vm difference is largely due to a gradient
(increasing from soma to dendrite) of HCN channel density that
produces a tonic depolarizing current (Berger et al., 2001; Lo¨r-
incz et al., 2002), we wondered if there was any difference in
the h-current (Ih) generated by HCN channels between the
Sham and CCI condition. In line with previous studies (Lo¨rincz
et al., 2002; Magee, 1998; Stuart and Spruston, 1998; Williams
and Stuart, 2000), we found an increase in Ih from soma to
dendrite in Sham animals as evaluated by the voltage sag in
response to a hyperpolarizing current step (Figures 1F and
1G). Strikingly, this gradient was reduced in CCI animals (Fig-
ure 1H). Thus, although the voltage sag recorded from the
soma was comparable in the two conditions (sag ratio: Sham
1.27 ± 0.02, CCI 1.24 ± 0.01; p = 0.11), voltage sag after CCI
was significantly reduced at both proximal and distal dendritic
recording sites (proximal sag ratio: Sham 1.44 ± 0.03, n = 20;
CCI 1.29 ± 0.03 n = 11; p = 0.002; distal sag ratio: Sham
1.84 ± 0.13, n = 16, CCI 1.62 ± 0.06, n = 23; p = 0.041).
Most Dendritic Properties in the ACC Differ from Other
Cortical Regions but Are Unaltered in Neuropathic Pain
Animals
We then tested if other passive or active properties of these den-
drites were modified in CCI animals. Interestingly, we noticed
that some of the functional properties of the main apical dendrite
of L5 pyramidal cells in the ACC differed substantially from those
previously reported in the somatosensory cortex (Spruston,
2008) and that they were more similar to the behavior of medial
prefrontal cortex (prelimbic) pyramidal neurons (Gulledge and
Stuart, 2003; Kalmbach et al., 2013). ACC dendrites were char-
acterized by little attenuation of single back-propagating action
potentials (APs) but a marked use-dependent attenuation of
high-frequency trains (Figure S1), an extremely small subthresh-
old potential attenuation from the dendrite towards the soma,
and a decrease in input resistance with distance from the
soma (Figure S2). Local Na+ spikes could be evoked by dendritic
depolarization, but we found only very little Ca2+ regenerativity
(Figure S3). Importantly, none of the above-mentioned dendritic
properties were modified in CCI animals (Figures S1–S3), indi-
cating that a large fraction of the dendritic Na+, K+, and Ca2+
channels that influence the active as well as the passive proper-
ties of these dendrites were not altered by the pathological state.Neuropathic Pain-Induced Malfunction of Cortical
Dendrites Enhances Temporal Summation of Synaptic
Inputs and Neuronal Firing
Since only Ih was modified in the dendrites of L5 pyramidal cells
in CCI animals, we wondered which consequences this had for
the functional properties of these cells. Blockade of dendritic
HCN channels in other brain areas enhances synaptic summa-
tion, indicating a key role for these channels in the integration
of subthreshold synaptic inputs (George et al., 2009; Magee,
1999; Williams and Stuart, 2000). Therefore, we hypothesized
that the Ih phenotype we observed in CCI animals might have
altered the dendritic integrative properties. First, we tested this
by injecting a train of five EPSP-shaped subthreshold currents
at 50 Hz in the dendrite (Figures 2A–2C). Indeed, we observed
enhanced integration that resulted in increased summation of
the EPSPs at the soma (fifth/first amplitude: Sham 1.75 ± 0.08,
n = 8; CCI 1.98 ± 0.09, n = 10; p = 0.047). Then, we investigated
if EPSPs evoked by synaptic stimulation in layer 1 (L1) were also
differentially integrated. We found that, although amplitude and
integral of single EPSPs were comparable between the Sham
and CCI condition (EPSP amplitude: Sham 8.37 ± 1.08 mV, n =
21; EPSP amplitude: CCI 10.13 ± 0.61mV, n = 39; p = 0.12, stim-
ulation intensity 5 V), the integration of paired EPSPs (50 Hz) was
increased in animals subjected to peripheral nerve damage at
the soma (Figures 2D and 2E, second EPSP amplitude: Sham
11.46 ± 1.39 mV, n = 19; CCI 15.29 ± 1.05 mV, n = 26; p =
0.03, stimulation intensity 5 V). The area under the second
EPSP was significantly increased and the EPSP duration pro-
longed (second EPSP integral: Sham 225.27 ± 31.27 ms,mV,
n = 19; CCI 350.34 ± 27.18 ms,mV, n = 26; p = 0.004, stimulation
intensity 5 V). All these changes were consistent with a reduction
of Ih in CCI dendrites. In order to evaluate the effect of a complete
loss of Ih on dendritic integration, we blocked HCN channels in
Sham animals by bath application of ZD7288 (10 mM). This treat-
ment altered dendritic integration and enhanced the temporal
summation of EPSPs at the soma to an even larger extent
(Figure S4).
As a functionally relevant consequence of the increased tem-
poral summation of synaptic inputs, the probability for AP gener-
ation was increased in the CCI neurons at lower stimulation
strength (Figures 2F and 2G). Since the current and voltage
threshold for somatic AP generation was the same in the Sham
and CCI condition (current threshold: Sham 145.9 ± 8.2 pA,
CCI 157.6 ± 8.9 pA; p = 0.34), and the CCI neurons required a
smaller initial EPSP during paired synaptic activity to generate
an AP on the second stimulus (Figure 2H, Sham 13.49 ±
0.84 mV, n = 16; CCI 11.69 ± 0.62 mV, n = 18; p = 0.04), the
increased firing was most likely due to the enhanced temporal
summation of the synaptic stimuli.
Origin of the Dendritic HCN Channel Phenotype
HCN channels are particularly plastic channels. Both modifica-
tions of single-channel properties and the number of functional
HCN channels have been reported in several neurological dis-
eases associated with increased cortical activity (Shah et al.,
2004; Zhang et al., 2014). In order to assess any alteration in
the single-channel properties of HCN channels caused by CCI,
we performed dual whole-cell recordings from the soma andNeuron 86, 233–246, April 8, 2015 ª2015 Elsevier Inc. 235
Figure 2. CCI Causes Increased Dendritic
Integration
(A) Reconstruction of a L5 pyramidal neuron in the
ACC showing the somatic and dendritic recording
configuration.
(B) Five EPSP-like current injections (trise and
tdecay, 1 ms and 4 ms, respectively, 50 Hz) into
the dendrite resulted in a larger somatic depo-
larization in CCI animals (red, distance 197 mm)
compared to Sham (blue, distance 238 mm)
even though EPSP amplitudes of the first EPSP
were similar. Vm at soma was 74 mV (Sham)
and 68 mV (CCI). Vm at dendrite was 60 mV
(Sham) and 65 mV (CCI).
(C) Amplitude and time integral of the last EPSP
normalized to the first EPSP of the train
measured at the dendritic and at the somatic
location (CCI n = 10; Sham n = 8). Only dendritic
recordings more than 75 mm from the soma were
included. Peak amplitudes were derived from
current injections that were just below the
threshold for AP generation. CCI neurons dis-
played increased temporal summation of EPSPs
at the soma.
(D) Examples of single or paired EPSPs (50 Hz)
recorded from the soma evoked by increasing
synaptic stimulation (1–5 V) in the inner L1 for CCI
and Sham. Notice that the paired EPSPs at 50 Hz
show increased temporal summation at the soma
in CCI as compared to Sham neurons.
(E) Top, average EPSP amplitude (left) and time
integral (right) plotted as function of the stimulus
intensity; bottom, same quantification as above
but for the second EPSP evoked by paired-pulse
stimulation (50 Hz). Both amplitude and integral of
the second EPSPs are significantly larger in CCI
(n = 44) as compared to Sham (n = 41) for
increasing stimulation intensities. The time interval
over which the integral was calculated is shown in
(D). The increased EPSP integration in CCI neu-
rons is consistent with a decrease in HCN channel
function in the apical dendrites.
(F and G) Paired-pulse stimulation had a higher
probability to evoke a somatic action potential in
CCI (n = 37) versus Sham (n = 26).
(H) Cumulative plot (left) and average EPSP amplitude at AP generation (right) illustrating that the amplitude of the first EPSP of a paired-pulse
stimulation was lower in CCI neurons when the second generated an AP as compared to Sham.
*p < 0.05, **p < 0.01, ***p < 0.001. Error bars: SEM. See also Figure S4.the dendrite from L5 pyramidal neurons in the ACC. Hyperpola-
rizing voltage steps were applied to the dendrite in voltage-
clamp mode (from 45 mV to 125 mV, DV = 10 mV) in order
to record the HCN-mediated currents in the dendrite (Figure 3A).
Taking advantage of the negligible steady-state voltage attenu-
ation from the dendrite to the soma (Figure S2D), the somatic
voltage recording in current-clamp mode could be taken as a
good estimate of the actually applied dendritic voltage, thereby
allowing a proper correction of the voltage clamp error (Williams
and Mitchell, 2008). The peak of the activated tail current after
stepping back to 70 mV was taken as an estimate of HCN
channel function (Figures 3B and 3C). The current-voltage rela-
tionship was identical for the Sham and CCI condition, suggest-
ing that the single-channel properties of the dendritic HCN
channels were not modified by CCI.236 Neuron 86, 233–246, April 8, 2015 ª2015 Elsevier Inc.Therefore, we tested if the number of dendritic HCN channels
was changed in CCI. We performed immunohistochemical label-
ing of HCN channels in coronal brain slices containing the rostral
ACC. Strong staining could be found in the distal tuft dendrites
in layer 1 with a decreasing gradient toward deeper layers (Fig-
ure 3D). These stainings were consistent with the observed
gradient in the sag ratio and immunostainings from other brain
regions (Kupferman et al., 2014; Lo¨rincz et al., 2002). We found
amuchmore pronounced decay in HCN channel labeling toward
deeper layers in brain slices from CCI animals. The intensity
profile of HCN channel staining could be fitted with a single
exponential yielding a length constant (lHCN) for the HCN
channel distribution along the midline-to-L5 axis (Figures 3D
and 3E). The length constant was significantly shorter in the
CCI than in the Sham condition (CCI: lHCN = 26.5 ± 2.5 mm,
Figure 3. HCN Channel Number, but Not
Single-Channel Properties, Are Altered in
CCI
(A) Sketch illustrating the experimental setup of a
voltage clamp (VC) recording from the dendrite
and a simultaneous current clamp (CC) recording
from the soma. Left, example traces (blue) of a
VC recording from a distal dendrite (distance
197 mm) of a Sham animal and simultaneous
CC recording from the soma. Hyperpolarizing
voltage steps were applied to the dendrite (from
45 mV to 125 mV, DV = 10 mV, middle
trace) in order to record HCN mediated currents
(upper traces). Right, example traces (red) from a
CCI-operated animal (dendritic recording 182 mm
from soma).
(B) Expanded view of the tail currents generated by
HCN channel activation as indicated by the dashed
rectangles in (A).
(C) Voltage dependence of the channel activation
determined from tail currents (dotted line in B) in
CCI (red) and Sham (blue) dendrites fitted with a
Boltzmann function (solid line). Only recordings
from distal dendrites are pooled in the average
(Sham average distance = 175 mm, n = 3; CCI
average distance = 179.4 mm, n = 5). The current-voltage relationship for the CCI and Sham condition were identical.
(D) Example images of immunohistochemical antibody stainings of HCN1 channels in the rostral ACC, the region where electrophysiological experiments were
performed. Traces below the images show the intensity profile of HCN1 staining from the midline to layer 5. Single exponential fits to the intensity profile yielded a
length constant (lHCN) for the distribution of HCN channels (blue, Sham; red, CCI).
(E) Averaged peak intensity in L1 (left) and length constants (right) for the Sham and CCI condition.
**p < 0.01. Error bars: SEM. See also Figure S5.n = 7; Sham: lHCN = 50.6 ± 6.1 mm; n = 6; p = 0.003), whereas the
peak intensity in the outer L1 was identical in the two conditions
(CCI: 101 ± 8, n = 7; Sham: 102 ± 10; n = 6; p = 0.96). The analysis
of the HCN channel profile performed in the same slices but in a
cortical brain region 900 mm lateral to the midline (motor cortex)
yielded an identical distribution of HCN channel staining in the
two conditions (Figure S5). Taken together, these results suggest
that CCI resulted in no modification of the single-channel prop-
erties of the HCN channels, but in a change in the HCN channel
distribution with a decrease in HCN channel density in the main
apical dendrite of L5 pyramidal neurons.
Activity-Dependent Plasticity of HCN Channel Function
Is Occluded by Peripheral Nerve Ligation
Next, we investigated what cellular mechanismmight induce the
reduction in HCN channel function. Nociceptive stimuli result in
increased synaptic activity (Shyu et al., 2010) and AP discharge
in pyramidal neurons in the ACC with an average frequency
around 4–5 Hz (Koga et al., 2010). In the case of sciatic nerve
ligation that leads to the development of neuropathic pain,
long-term peripheral and spinal cord sensitization (Basbaum
et al., 2009; Costigan et al., 2009) alters the pattern of afferent
activity in the nociceptive system (Terashima et al., 2011) that
is transmitted to supraspinal brain areas including the ACC.
Hence, activity in the ACC is significantly increased after nerve
damage, manifested in a discharge of several APs per second
(around 4 Hz) in pyramidal neurons (Ning et al., 2013). Increased
excitatory synaptic activity can result in the long-term modifica-
tions of HCN channel function, as has been demonstrated in hip-
pocampal pyramidal neurons (Brager and Johnston, 2007; Fanet al., 2005). We tested if such a plasticity mechanism existed
in L5 pyramidal neurons in the ACC and whether it could be
responsible for the downregulation of Ih after nerve damage.
We performed long-term whole-cell dendritic recordings (Fig-
ure 4A). After recording the baseline function of HCN channels
by evaluating the sag ratio from a hyperpolarizing current step
(500 pA, 500 ms), we mimicked the increased activity induced
by the nerve damage by evoking suprathreshold EPSPs with
robust extracellular stimulation in L1 at 4 Hz for 5 min (Figures
4A and 4B). Then we monitored HCN channel function for the
following 30min. After this time, we observed a significant reduc-
tion in the sag ratio in the group of naive or Sham animals from
1.73 ± 0.24 to 1.50 ± 0.15 (p = 0.046; n = 7; Figures 4C and
4D). This change in the sag ratio was accompanied by a signifi-
cant increase in dendritic input resistance (Rin: baseline 25.5 ±
5.9 MU; post-induction 31.8 ± 6.2 MU; p = 0.018; Figure 4G)
and a slight hyperpolarization of the dendritic membrane poten-
tial (from 64.5 mV to 65.9 mV; p = 0.3). Consistently, the
reduction in HCN channel function resulted in increased tempo-
ral summation of EPSP-like current injections into the dendrite
(train of five EPSP-shaped subthreshold current injections at
50 Hz; fifth/first amplitude: baseline 1.27 ± 0.15; post-induction
1.65 ± 0.11; p = 0.004; Figures 4H and 4I) and a lowering of
the resulting threshold for AP generation (baseline 814 ±
101 pA; post-induction 667 ± 102 pA; p = 0.025; Figures 4J
and 4K). These results are consistent with a downregulation of
HCN channel function resulting in an increase in dendritic inte-
gration and ensuing neuronal firing.
We found that the induction of HCN channel plasticity re-
quired the activation of metabotropic glutamate receptors typeNeuron 86, 233–246, April 8, 2015 ª2015 Elsevier Inc. 237
Figure 4. Activity-Dependent Plasticity of
HCN Channel Function Is Occluded by CCI
(A) Neurolucida reconstruction of a L5 pyramidal
cell showing the position of the dendritic recording
pipette and the location of the extracellular syn-
aptic stimulation electrode.
(B) Depiction of the induction protocol for HCN
channel plasticity. Synaptically evoked supra-
threshold EPSPs were induced by extracellular
stimulation in L1 (4 Hz, 5 min, 6 V) and recorded
from the dendritic recording location shown in (A).
(C) Left, example trace of the voltage sag induced
by hyperpolarizing current steps during baseline
(black, 500 pA) and 30 min post-induction (blue,
400 pA) in a Sham animal. Right, example trace of
the voltage sag during baseline (black, 500 pA)
and 30 min post-induction (red, 500 pA) in a CCI-
operated animal. No change in the sag was
observed in this case.
(D) The sag ratio is significantly decreased by the
4 Hz stimulation in a group of Sham and naive
animals (n = 7), but not in dendrites of animals
subjected to CCI (n = 6). The distance from the
soma of the recording pipettes was comparable in
the two conditions. The sag was recorded at the
same resting potential and with current injections,
giving rise to the same initial voltage drop.
(E) Example of dendritic sag induced by a 500 pA
hyperpolarizing current step before and after 4 Hz
synaptic stimulation in the presence of the group
1 metabotropic glutamate receptor antagonist
LY367385 (100 mM).
(F) Both in the CCI preparation (n = 6) and in
presence of LY367385 (n = 5), the decrease in sag
ratio was abolished. The bar graph shows the sag
ratio 30 min post-induction normalized to control
in the three conditions.
(G) Dendritic input resistance (Rin) is increased in
the control but not in the CCI condition.
(H) Train of five EPSP-shaped current injections at
50 Hz in a sham- and CCI-operated animal before
and after the 4 Hz induction protocol.
(I) The amplitude of the fifth EPSP of the train
(normalized to the first) is significantly increased in
the control but not in the CCI condition. The
quantification was done at the same Vm.
(J) Example traces of the five EPSP-shaped cur-
rents at increasing current injections, eventually
eliciting APs. Left, baseline for Sham and CCI;
right, 30 min after the induction protocol. Notice that the threshold for AP generation is largely reduced only in the Sham condition. Vm was 63 mV and 62 mV
for Sham and CCI, respectively.
(K) Quantification of the reduction in the current threshold for AP generation in the control condition (blue) and in the CCI condition (red) after synaptic stimulation.
*p < 0.05, **p < 0.01. Error bars: SEM.I (mGluR I). Bath application of the mGluR I antagonist LY367385
(100 mM) completely blocked the modification of the sag ratio
(baseline 1.38 ± 0.04; post-induction 1.38 ± 0.04; p = 0.94; n =
5; Figures 4E and 4F) and the corresponding changes in the other
cellular properties (relative change in sag ratio: 1.0 ± 0.02; input
resistance: 1.13 ± 0.05; EPSP summation: 1.02 ± 0.06; AP
threshold: 0.94 ± 0.11; all p > 0.05; n = 5).
Strikingly, this HCN channel plasticity was occluded in CCI an-
imals. No change in the sag ratio (baseline 1.51 ± 0.13; post-in-
duction 1.51 ± 0.10; p = 0.97; n = 6), input resistance (baseline
29.5 ± 8.6 MU; post-induction 29.4 ± 8.8 MU; p = 0.95), EPSP238 Neuron 86, 233–246, April 8, 2015 ª2015 Elsevier Inc.summation (baseline 1.33 ± 0.12; post-induction 1.50 ± 0.07;
p = 0.07), or AP threshold (baseline 750 ± 106 pA; post-induction
717 ± 117 pA; p = 0.62) could be observed after the 4 Hz stimu-
lation in the CCI condition (Figures 4C–4K).
In summary, the observed downregulation of HCN channel
function induced by glutamatergic activity results in similar
changes in the integrative properties of the apical dendrite of
L5 pyramidal neurons in the ACC as observed after nerve ligation
(increased temporal summation of EPSPs leading to augmented
AP firing). Furthermore, the occlusion of the HCN channel plas-
ticity in the CCI animals suggests that the nerve ligation-induced
downregulation of HCN channel function and the synaptically
induced plasticity described above share a common induction
mechanism. Thus, the observed hypofunction of dendritic HCN
channels in the CCI condition is most likely induced by increased
afferent glutamatergic activity resulting from the peripheral nerve
damage.
Serotonin 5-HT7 Receptor Activation Rescues Cortical
Dendritic Dysfunction in Neuropathic Pain
The observed pathological HCN channel phenotype might
contribute to the increased activity in the ACC observed after
peripheral nerve injury. Therefore, we wondered if it was
possible to upregulate Ih pharmacologically in the ACC in the
CCI condition. HCN channel function can be positively modu-
lated by several factors (Jung et al., 2010), including increased
levels of cAMP (Wang et al., 2002). Yet if this can occur locally
in dendrites and whether it has a functional relevance has not
been clearly demonstrated. The ACC is highly innervated by
brainstem fibers releasing neuromodulators (Porrino and Gold-
man-Rakic, 1982). Among them, 5-HT could be of potential rele-
vance since serotoninergic receptors have been shown to be
potential targets for pain treatment (Viguier et al., 2013). How-
ever, whether they have a cortical site of action is not estab-
lished yet. Among all serotoninergic receptors, the 5-HT7 is
one of the least well characterized (Hedlund, 2009), but it has
been shown to increase cytosolic levels of cAMP by stimulating
adenylate cyclase (Bard et al., 1993), can modulate HCN chan-
nels (Chapin and Andrade, 2001), and is potentially useful for the
treatment of neuropathic pain (Brenchat et al., 2010). We found
that this receptor was highly enriched in the apical and tuft den-
drites of L5 pyramidal neurons of the ACC (Figure 5A; n = 12 sli-
ces from three animals). Its activation increased dendritic HCN
channel function and reduced synaptic integration in the main
apical dendrite of these cells (Figure 5). Bath application of 5-
carboxamidotryptamine (5-CT, 30 nM), a 5-HT7 agonist (Figures
S6A–S6E), to a CCI preparation led to a dendrite-selective de-
polarization and robust increases in Ih (Figures 5B–5E, sag
ratio dendrite: baseline 1.76 ± 0.06, 5-CT 2.05 ± 0.12, n = 5,
p = 0.015; sag ratio soma: baseline 1.27 ± 0.02, 5-CT 1.24 ±
0.02, n = 10, p = 0.077; Vdend: baseline 61.7 ± 1.7 mV, 5-CT
60.7 ± 1.8 mV, n = 5, p = 0.045; Vdend-Vsoma: baseline
5.50 ± 2.00 mV, 5-CT 7.01 ± 1.80 mV, n = 5, p = 0.011). Accord-
ingly, integration of EPSP-shaped current injections and syn-
aptic excitatory postsynaptic potentials was reduced (Figures
5F–5H, fifth/first amplitude soma: baseline 2.01 ± 0.15, 5-CT
1.52 ± 0.11, n = 6, p = 0.005; second EPSP amplitude: baseline
8.57 ± 1.83 mV, 5-CT 6.01 ± 1.57 mV, n = 10, p = 0.028, stim-
ulation intensity 3 V), whereas single EPSPs as well as somatic
input resistance and membrane potential were not substantially
modified (Figures S6F–S6H). As a result, the probability to
generate an AP with paired pulse stimulation was reduced to
stimulation strengths comparable to the Sham condition (Fig-
ures 5I and 5J). Importantly, the effect of 5-CT on Ih and den-
dritic integration was completely blocked by the highly specific
5-HT7 receptor antagonist SB269970, suggesting that 5-CT at
the used concentration acted subtype selective (Figure S6),
consistent with previous reports (Vasefi et al., 2013; Zhang
et al., 2009).Next, we investigated if the activation of 5-HT7 receptors by
5-CT indeed acted on HCN channels to modulate dendritic inte-
gration. In the presence of the HCN antagonist ZD7288, which
abolished the dendritic sag, decreased dendritic resting mem-
brane potential, and increased EPSP temporal summation
(Figure S4; Figures 6A–6D), 5-CT exerted no modulation of the
dendritic function anymore (sag ratio dendrite: baseline 1.39 ±
0.14, ZD7288 1.04 ± 0.03, 5-CT 1.03 ± 0.02, n = 6, p = 0.31;
Vdend: baseline 66.5 ± 0.2 mV, ZD7288 79.7 ± 2.9 mV, 5-
CT 80.0 ± 3.7 mV, p = 0.79, n = 6; fifth/first amplitude soma:
baseline 1.40 ± 0.09, ZD7288 2.28 ± 0.26, 5-CT 2.12 ± 0.14,
n = 6, p = 0.37). Furthermore, we tested the hypothesis that
the modulation of HCN channels by 5-HT7 receptors was
mediated via adenylate cyclase activity (Figures 6E–6H).
We incubated slices with the adenylate cyclase inhibitor
SQ22536. In this condition, 5-CT failed to modify sag ratio,
the resting membrane potential, and the temporal summation
of EPSPs measured at the dendrite (sag ratio dendrite:
SQ22536 1.39 ± 0.10, 5-CT 1.35 ± 0.05, n = 5, p = 0.50; Vdend:
SQ22536 65.6 ± 2.2 mV, 5-CT 66.7 ± 1.5 mV, p = 0.39, n = 5;
fifth/first amplitude soma: SQ22536 1.43 ± 0.08, 5-CT 1.41 ±
0.10, n = 5, p = 0.82). These results suggest that 5-HT7 recep-
tors selectively modulate dendritic integration by acting on HCN
channels via activation of adenylate cyclase. Additionally, these
results demonstrate that 5-CT has no off-target effects that
could influence the dendritic properties by modulating other re-
ceptors and ion channels.
Finally, we found that 5-CT had no significant effect on the
electrical properties, synaptic transmission and synaptic inte-
gration of L2/3 pyramidal neurons and interneurons tested
across all layers of the ACC (Figure S7). These results suggest
that 5-CTmost likely specifically modulates the dendritic proper-
ties of L5 pyramidal neurons in the ACC through 5-HT7 receptor-
dependent upregulation of HCN channel function.
Targeted Treatment of the ACC with a 5-HT7 Receptor
Agonist Reverses the Behavioral Pain Response
Our results so far showed that nerve injury caused a dysfunc-
tion of HCN channels in the dendrites of L5 pyramidal cells,
the primary output neurons of the cortex, increasing the
input-output function and synaptically evoked AP generation.
We hypothesized that if this change was in any way related
to the mechanical hypersensitivity induced by CCI, interfering
with dendritic integration by selective activation of 5-HT7 re-
ceptors in these cells could change the behavioral response
to mechanical stimulation of the injured hindpaw. We tested
this hypothesis by injecting 5-CT directly into the ACC (Figures
7A and 7B) and examining its effect on CCI-induced allodynia-
like behavior. Consistent with our hypothesis, this manipulation
reduced mechanical hypersensitivity, whereas saline injection
exerted no effect (Figures 7C–7F). A single cortical injection
of 5-CT increased the mechanical withdrawal threshold by
66% ± 12%. This analgesic effect decayed back to the sensi-
tized condition within 1 hr, consistent with the diffusion of the
drug from the site of action. Co-injection of 5-CT with the spe-
cific 5-HT7 receptor antagonist SB269970 had no effect on the
mechanical withdrawal threshold, suggesting that 5-CT indeed
acted specifically on 5-HT7 receptors in the ACC. Injection ofNeuron 86, 233–246, April 8, 2015 ª2015 Elsevier Inc. 239
Figure 5. 5-HT7 Receptor Activation In-
creases Dendritic Ih and Reduces Synaptic
Integration in CCI
(A) Confocal image of fluorescently labeled 5-HT7
receptors in ACC. The arrowheads indicate clearly
labeled apical dendrites of L5 pyramidal neurons
(B) Reconstruction of a L5 pyramidal cell from a
CCI animal showing the dendritic recording
configuration (distance 197 mm).
(C) Time course of resting membrane potential (Vm)
at the soma and dendrite of the cell in (A) during
bath application of the 5-HT7 receptor agonist 5-
CT (30 nM). Summary bar graph shows that the Vm
difference between soma and dendrite was
significantly increased after the drug application
(n = 5). This effect is consistent with the influence of
5-HT7 receptors on dendritic HCN channel func-
tion. Sham recordings gave similar results (n = 4;
data not shown).
(D) Sag induced by a 500 pA hyperpolarizing pulse
before (red) and after 5-CT (blue) at the soma were
not different. At the dendrite, current injections
evoking the same hyperpolarization (control:
300 pA, 5-CT: 500 pA) evoked a bigger sag in
the presence of 5-CT. Vm at soma was 66 mV
(Control) and 65 mV (5-CT). Vm at dendrite was
63 mV (Control) and 61 mV (5-CT).
(E) On average the somatic sag ratio was not
affected by the drug (n = 10, p = 0.08), whereas the
average dendritic sag ratio (500 pA current in-
jections) was increased by 5-CT (n = 5).
(F) The summation of five EPSP-shaped current
waveforms (50 Hz) injected at the dendrite of the
CCI neuron shown at the top was reduced after 5-
CT application (example distance 177 mm). Vm at
soma was 64 mV (Control) and 64 mV (5-CT).
Vm at dendrite was 57 mV (Control) and 58 mV
(5-CT).
(G) Amplitude and time integral generated by the
fifth consecutive EPSP waveform normalized to
the first EPSP were significantly decreased both at
the dendrite and at the soma after 5-CT (n = 6).
(H) L1 paired-pulse synaptic stimulation and dou-
ble somatic and dendritic recording illustrating the
effect of 5-CT. Notice that the dendrite is more
depolarized in the presence of 5-CT. Right, so-
matic EPSP amplitude and time integral plotted as
a function of the stimulus intensity at baseline and
after 5-CT (n = 12).
(I) Example traces showing how 5-CT decreased
the probability of AP generation evoked by 50-Hz
paired-pulse (3-4-5 V) stimulation of L1 synapses.
Notice that somatic Vm is similar before and after
5-CT.
(J) The amplitude of the first EPSP of a paired-
pulse stimulation when the second generates an
AP is increased in the presence of 5-CT (left).
Stimulus intensity versus probability of AP gener-
ation in the two conditions (right, n = 12).
*p < 0.05, **p < 0.01. Error bars: SEM. See also
Figures S6 and S7.
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Figure 6. 5-HT7 Receptors Interact with
HCN Channels via Adenylate Cyclase
(A) Reconstruction of a L5 pyramidal cell from a
CCI animal showing the dendritic recording
configuration (distance 150 mm).
(B) Dendritic voltage responses to a hyper-
polarizing current injection into the dendrite. The
characteristic voltage sag observed under control
conditions (red) is abolished by bath application of
the HCN channel blocker ZD7288 (10 mM, yellow).
Subsequent additional bath application of 5-CT
(30 nM, blue) had no effect on the dendritic voltage
response.
(C) Dendritic voltage response to five EPSP-sha-
ped current injections (50 Hz) into the dendrite. In
the presence of ZD7288 (yellow), the temporal
summation was increased as compared to control
(red). Subsequent bath application of 5-CT had no
effect on the EPSPs and did not reduce the tem-
poral summation (blue).
(D) Summaryof dendritic sag ratio (left), dendriticVm
(middle), and the amplitude of the fifth EPSP of the
train (normalized to the first EPSP; right). ZD7288
had a significant effect on dendritic properties as
compared to control, whereas in the presence of
ZD7288, 5-CT had no modulatory effect.
(E) Reconstruction of a L5 pyramidal cell from a
CCI animal showing the dendritic recording
configuration (distance 160 mm). In these experi-
ments the slices were incubated in the adenylate
cyclase inhibitor SQ22536 (10 mM) for at least 2 hr
before recording.
(F) Dendritic voltage responses to a hyperpolarizing current injection into the dendrite in the presence of SQ22536 (purple) and after bath application of 5-CT
(blue).
(G) Dendritic voltage response to five EPSP-shaped current injections (50 Hz) into the dendrite in the presence of SQ22536 (purple) and after bath application of
5-CT (blue).
(H) Summary of dendritic sag ratio (left), dendritic Vm (middle), and the amplitude of the fifth EPSP of the train (normalized to the first EPSP; right). In the presence
of SQ22536, 5-CT had no modulatory effect on the dendritic properties.
*p < 0.05, **p < 0.01. Error bars: SEM. See also Figure S4.SB269970 alone showed the tendency to further increase the
behavioral response to mechanical stimulation, pointing to a
bidirectional modulation of cortical pain processing by 5-HT7
receptors. Bilateral injections of 5-CT into motor cortical areas
lateral to the ACC had no effect on the mechanical withdrawal
threshold (Figure S8), suggesting that the modulatory effect of
the drug was specific to ACC.
DISCUSSION
Increased neuronal activity in cortical areas has been postu-
lated to be one of the key manifestations of chronic pain (Ku-
ner, 2010; Saab, 2012). However, the molecular mechanisms
that underlie the enhancement of cortical activity in this patho-
logical condition remain largely elusive. We employed double
somatic and dendritic patch-clamp recordings, in vivo pharma-
cology, and behavioral tests to assess cortical alterations in a
mouse model of chronic pain. We found specific plastic
changes in the dendrites of cortical pyramidal neurons that
are associated with nerve damage-induced development of
neuropathic pain. Our data show that, after peripheral nerve
injury, the main apical dendrite of the L5 pyramidal neurons in
the ACC displays an impairment of HCN channel function.This leads to dendritic dysfunction characterized by enhanced
temporal summation of synaptic inputs and increased neuronal
firing. Furthermore, we identify a serotoninergic receptor (5-
HT7R) expressed in L5 ACC pyramidal neurons that, by selec-
tively increasing HCN channel function in the dendrites via
adenylate cyclase, restores normal dendritic integration and
reduces allodynia-like behavior in vivo. Thus, our findings
demonstrate for the first time that, by manipulating specifically
the properties of cortical pyramidal cell dendrites, it is possible
to negatively modulate their input-output relationship, thereby
reducing nerve injury-induced mechanical sensitization and
pain behavior in vivo.
Dendrites as Sites for the Formation of a Pain Memory
Dendrites receivemost of the synaptic contacts, and they partic-
ipate in the integration and transformation of synaptic inputs into
AP output (Ha¨usser et al., 2000; London and Ha¨usser, 2005; Ma-
jor et al., 2013). In this respect, passive and active dendritic
properties play a major role in our understanding of brain func-
tion. Dendrites are highly plastic structures (Magee and John-
ston, 2005; Shah et al., 2010) that have been implicated in a
number of pathologies of the central nervous system (Nestor
and Hoffman, 2012; Palmer, 2014; Poolos and Johnston,Neuron 86, 233–246, April 8, 2015 ª2015 Elsevier Inc. 241
Figure 7. Injections of 5-CT into the ACC
Reduces Mechanical Sensitivity in CCI
Animals
(A) Schematic illustration of the experimental
design to test mechanical hypersensitivity after
CCI surgery and bilateral injection of 5-CT or saline
into the ACC.
(B) 3D reconstruction of a brain imaged with 3D
ultramicroscopy showing the volume and site of
the injection in ACC after ex vivo fixation and
clearing of the entire brain. The injections were
performed 0.70 mm rostral to Bregma, 0.35 mm
lateral to midline, and 1.75 mm below the skull
surface in each hemisphere. The bottom right
image shows a single coronal section, and dots
indicate the center of the injection volume for 5-CT
(blue) and saline (white) treatments.
(C) Time course showing the control group of an-
imals first subjected to CCI surgery (red bar), then
after 7–10 days bilaterally injected with saline (gray
bar). Saline injection did not modify mechanical
thresholds in both the injured (left) and uninjured
paw (right, n = 5).
(D) Local injections of 5-CT in the ACC (3 mM,
blue bar) alleviated mechanical hyperalgesia
while having no effect on the uninjured paw. Thus,
after 5-CT injection, mechanical thresholds were
elevated significantly compared to thresholds before treatment (p < 0.001, n = 6), indicating partial reduction of the mechanical hypersensitivity.
(E) Withdrawal threshold of the injured paw normalized to the non-injured paw in saline (white) and 5-CT (blue) treated groups. After 5-CT injections, mechanical
thresholds were elevated significantly compared to thresholds in the control group (p < 0.0001).
(F) Statistical analysis expressed as area under the curve (AUC) between 30 and 120 min after treatment. Bar graph shows statistical significance between 5-CT-
and saline-treated groups, between 5-CT and 5-CT + SB269970 (the 5-HT7 antagonist, n = 3), but not between 5-CT + SB269970 and SB269970 (n = 4) alone.
These data indicate that 5-CT acts on 5-HT7 receptors to reduce mechanical hyperalgesia in vivo. One-way or two-way ANOVA was used for statistical com-
parisons.
*p < 0.05, **p < 0.01, ***p < 0.001. Error bars: SEM. See also Figure S8.2012). So far, the idea that a change in dendritic excitability could
function as a mechanism for the formation of a pain memory has
been completely unexplored. This is the first report providing
strong evidence that changes in dendritic properties are at
least partially responsible for the establishment of chronic pain.
Therefore, we would like to introduce the novel concept of a
cortical ‘‘dendropathology’’ of chronic pain. Not surprisingly,
modulation of this ‘‘dendropathology’’ could only partially alle-
viate pain hypersensitivity, because additional peripheral, spinal,
and central mechanisms also contribute to nerve injury-induced
neuropathic pain (Basbaum et al., 2009).
The ACC, together with other brain areas, is essential for the
conscious experience of pain (Lee and Tracey, 2013; Perl,
2007; Treede et al., 1999). Interfering with activity in this
brain area has been repeatedly reported to modulate not only
mechanical hyperalgesia (Eto et al., 2011; Li et al., 2010; Thi-
bault et al., 2014; Wang et al., 2011; Xu et al., 2008) but
also the affective-emotional component of chronic pain (Johan-
sen et al., 2001; LaGraize et al., 2004). It will be essential to test
in the future if the malfunction of dendritic integration may
also be relevant for the affective component of pain. This hy-
pothesis can best be assessed by employing behavioral tests
such as conditioned place preference (King et al., 2009; Qu
et al., 2011), which capture the aversiveness of spontaneous
neuropathic pain and depend on neuronal processing in
the ACC.242 Neuron 86, 233–246, April 8, 2015 ª2015 Elsevier Inc.HCN Channels and Chronic Pain
We report that HCN channels are the key molecules responsible
for altered dendritic function. The finding that these specific
channels are functionally downregulated in the ACC dendrites
during neuropathic pain further supports the hypothesis that
dendritic malfunction is essential for the formation of a pain
memory in the cortex. Indeed, normal dendritic HCN channel
function is important for proper learning and memory. Specif-
ically, lack of these channels favors LTP, the synaptic correlate
of memory formation (Nolan et al., 2004). Hence, it is tempting
to speculate that partial loss of HCN channel function found in
chronic pain may promote potentiation of synaptic strength.
Previously reported synaptic alterations (Li et al., 2010) may
therefore depend on HCN hypofunction. The exact causal rela-
tionship between these two memory mechanisms remains to
be determined.
HCN channels have been previously implicated in the devel-
opment of chronic pain, albeit in other locations. Indeed, in
nociceptive neurons HCN channel function is upregulated in
response to inflammation and nerve damage, promoting the
generation of AP (Emery et al., 2011; Momin et al., 2008). Con-
trary to the effect on cortical neurons as demonstrated in our
study here, blockade of HCN channels in the peripheral nervous
system reduces neuronal firing and exerts an analgesic effect.
Thus, HCN channel activation can have opposite effects in
different parts of the nociceptive system.
Serotoninergic Modulation of Pain Processing at the
Cortical Level
The experience of pain is strongly influenced by neuromodula-
tory systems (Ossipov et al., 2010). Particularly, the descending
pain modulatory system can either facilitate or inhibit nocicep-
tive processing (Tracey and Mantyh, 2007). Descending inhibi-
tion is mediated by serotoninergic fibers that decrease spinal
cord activity and reduce pain sensation (Porreca et al., 2002).
Yet, little was known about the modulatory effect of 5-HT
on cortical brain areas responsible for pain sensation. We
wondered if 5-HT in the ACC was able to enhance impaired Ih
in the CCI condition. HCN channel function can be positively
modulated by enhanced levels of cAMP (Wang et al., 2002).
We found immunohistochemical evidence for the expression
of 5-HT7 receptors in the dendrites of L5 pyramidal neurons in
the ACC, consistent with other reports (Duncan and Franklin,
2007; Hedlund, 2009). This serotonin receptor has been shown
to increase cytosolic levels of cAMP by stimulation of adenylate
cyclase (Bard et al., 1993; Chapin and Andrade, 2001). Thus,
we thought to take advantage of 5-HT7 receptors to raise
intracellular cAMP in L5 pyramidal cells, thereby enhancing Ih.
Other neurotransmitter systems that increase cAMP could
have similar effects.
We found that activation of 5-HT7 receptors in these neurons
activates adenylate cyclase and increases HCNchannel function
in the main apical dendrite to reduce dendritic integration. Inter-
estingly, Ih was unchanged at the soma, pointing to a compart-
mentalized interaction of 5-HT7 receptors with HCN channels
in the dendrites. This observation is consistent with the expres-
sion pattern of 5-HT7 receptors and HCN channels revealed
by our immunohistochemical analysis. Other cell types do not
appear to be modulated by 5-HT7 receptors in this brain area,
suggesting that we found a specific neuromodulatory effect.
Yet, we cannot fully exclude that 5-HT7 receptors exist in other
cell types or subcellular compartments in the ACC and that their
activation could to some extent contribute to the behavioral ef-
fects that we observe. Knockout of 5-HT7 receptors selectively
in L5 pyramidal cells in the frontal cortex could be used in the
future to test additional effects of 5-CT on other cell types. In par-
allel, specific manipulation of cAMP levels in L5 pyramidal neu-
rons with optoXR activation (Airan et al., 2009) could be used
to mimic the effect of 5-HT7 activation both in the slice and
in vivo.
Here we give the first direct evidence that the neuromodula-
tory serotoninergic system, in addition to its well-established
descending action, has an influence on cortical pain-processing
regions. It has been previously shown that mice lacking seroto-
ninergic neurons in the adult CNS show markedly reduced anal-
gesia in response to opioids and antidepressants (Zhao et al.,
2007). Thus, the serotoninergic system is essential for the action
of these drugs. Our study may therefore reveal a new site of ac-
tion of some of the established chronic pain treatment strategies.
Serotonin or combined serotonin-norepinephrine uptake inhibi-
tors (Baron, 2009; Marks et al., 2009) might exert parts of
their analgesic effect on cortical brain areas in addition to the
commonly assumed action in the brainstem and spinal cord.
Specific targeting of 5-HT7 receptors might have advantages
over serotonin uptake inhibitors, which increase serotonin levelsglobally in the brain and influence all types of 5-HT receptors with
unknown consequences. Thus, our findings may open novel
therapeutic venues for neuropathic pain treatment, which could
exploit the specific ability of 5-HT7 receptors to downregulate
both spinal cord (Brenchat et al., 2010; Viguier et al., 2013) and
cortical neuronal activity.
EXPERIMENTAL PROCEDURES
CCI and Von Frey Test
All experiments were conducted in accordance with the rules of the veterinary
office of the canton Bern, Switzerland. CCI of the sciatic nerve or sham oper-
ation was performed on C57BL/6 adult male mice (8–12 weeks). Mice were
anesthetized with isoflurane (1%–1.5%), a small incision in the left thigh was
made to expose the sciatic nerve, and a silk thread was used to make three
consecutive loose ligations around it. For sham surgery the sciatic nerve
was exposed but not ligated. In all animal groups, mechanical hyperalgesia
was tested using an electronic Von Frey anesthesiometer by slowly applying
pressure to the midplantar surface of the hind-paw with the Von Frey filament
until a pawwithdrawal was evoked and the corresponding stimulation strength
was recorded.
Patch-Clamp Electrophysiology
Seven to ten days after CCI or sham surgery, coronal slices (300-mm thick)
containing the ACC were prepared. All recordings were performed at
32C–33C. Dual somatic and dendritic whole-cell patch-clamp recordings
were performed from identified L5 pyramidal neurons in the rostroventral
ACC (1.1–1.4 mm below the pial surface, 1.1–0.2 mm rostral to the Bregma
and contralateral to the lesion). Pyramidal neurons were selected on the
clearly visible, thick apical dendrite that allowed for dual whole-cell patch-
clamp recordings. This selection criterion resulted in a homogeneous popu-
lation of pyramidal neurons based on their firing properties and shape of the
AP (i.e., all cells possessed a prominent after-hyperpolarization and a signif-
icant sag ratio at the soma). First, the soma was patched with a thick-wall
borosilicate pipette (resistance 5–9 MU); the dendrite was then patched
with a smaller pipette (15–22 UM), and whole-cell configuration was achieved
by hyperpolarization. Focal electrical synaptic stimulation was achieved by
placing a theta patch pipette located in the inner L1, 30–80 mm lateral to
the main apical dendrite. For some experiments, whole-cell recordings
were only performed from the apical dendrite. Interneurons and L2/L3 pyra-
midal cells were investigated by somatic whole-cell recordings. All cells were
filled with biocytin and PFA-fixed slices were developed with the avidin-
biotin-peroxidase method for Neurolucida reconstructions (Egger et al.,
2008).
The sag ratio was calculated with the equation sag ratio = (Vbaseline  Vmin) /
(Vbaseline Vsteady-state) = Vmax/VSS where Vbaseline is the resting membrane po-
tential, Vmin is theminimum voltage reached soon after the hyperpolarizing cur-
rent pulse, and Vsteady-state is the voltage recorded a few milliseconds before
the end of the stimulus.
For voltage-clamp recordings from the dendrites, the actual voltage was
calculated at the steady-state somatic voltage generated by the dendritic
voltage step, and the tail current was calculated at the peak.
Immunohistochemistry and Imaging
Brain slices for fluorescent immunohistochemical labeling were prepared from
perfusion-fixed brains, and staining procedures described by Nolan et al.
(2007) were used. For immunolabeling of HCN channels, slices were incubated
with a goat polyclonal anti-HCN1 (1:250) overnight and labeled with a second-
ary fluorescence-conjugated antiserum (Alexa 488 chicken anti-goat IgG;
1:500). Staining for 5-HT7 receptors followed the same procedure, using pri-
mary rabbit polyclonal anti-5-HT7 (1:250) and secondary Alexa 488 goat
anti-rabbit IgG (1:250). Fluorescently labeled coronal brain slices were imaged
using a confocal microscope. Imaging of labeled HCN channels was per-
formed with a 20x objective from the rostral ACC. Imaging settings were
kept identical for the Sham and CCI condition. Maximum projections of image
stacks (20 frames, step size 2 mm, frame average of 4) were used for analysis inNeuron 86, 233–246, April 8, 2015 ª2015 Elsevier Inc. 243
ImageJ. Intensity profiles were derived from the midline to L5. HCN intensity
decreased with distance from L1 exponentially. Exponential fits to this decay
yielded a characteristic length constant that was compared between the Sham
and CCI condition. 5-HT7 immunofluorescence was imaged with a 40x
objective.
In Vivo Drug Application
For in vivo drug application, two small craniotomies were performed above the
ACC (0.70 mm rostral to Bregma and 0.35 mm lateral to midline in each hemi-
sphere). The compounds were mixed with 100-mm Alexa 488 hydrazide and
slowly injected (1.75 mm below the skull surface) with micropipettes. A digital
stereotaxic system was used for targeted injection. Mice were allowed to
recover for 30 min before the first test. Each injection location was evaluated
and confirmed by imaging Alexa 488 fluorescence after whole-brain clearing
with a 3D ultramicroscope (Dodt et al., 2007).
A detailed description of all experimental methods is provided in the Supple-
mental Experimental Procedures.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and eight figures and can be found with this article online at http://dx.doi.
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